Spontaneous acoustic oscillations may occur in a sealed tube when an applied temperature gradient is larger than the temperature gradient associated with an acoustic standing wave in the tube. Work flow is the net acoustic power produced in the stack minus the net dissipated energy per cycle elsewhere. Instability occurs when the net work flow becomes a positive quantity. Recent theoretical results have shown that the thermoacoustic gain as well as the thermal and viscous losses can be expressed in terms of a thermoviscous dissipation function. The onset temperature and resonance frequency for a helium-filled thermoacoustic engine was computed using these theoretical results and measured as a function of the ambient pressure yielding stability and resonance frequency curves in good agreement. Expressions are derived using a short stack approximation for the optimal stack location and the onset temperature difference. These expressions are experimentally validated and are useful in searching for stack geometries that minimize the temperature difference across the stack necessary to deliver a given acoustic power.
INTRODUCTION
Accounting for the departures from ideal, inviscid, adiabatic sound propagation is essential in order to correctly model sound in fluid-filled porous materials • and thermoacoustic engines. TM Sound in narrow capillary tubes is attenuated mainly by heat transfer and viscous drag at the tube wall. Though the acoustic wavelength is usually much greater than the tube diameter, thermal and viscous boundary layer thicknesses are often comparable to the diameter.
A common approach for the theory of sound in porous media is to envision the medium as a collection of capillary tubes. The generalization to capillary tubes of arbitrary geometry has recently been explored? The equations and boundary conditions used in porous media modeling and in thcrmoacoustics are nearly identical (thermoacoustics has a very important extra term proportional to the ambient temperature gradient). Thermoacoustic gain and thermoviscous dissipation of sound in porous materials may be described theoretically with the use of a thermoviscous dissipation function. 4 Viscous effects are then expressed as F(k), where k is the shear wave number and thermal effects are expressed as F(kr), where h r is the thermal disturbance number. The thermoviscous dissipation function F(e) quantifies the exchange of momentum and heat between fluid and nearby solid walls through diffusion processes involving both fluid viscosity and thermal diffusivity and can depend strongly on the geometry of the perimeter between fluid and solid?
We report on measurements and verification of the theoretical framework developed previously 4 for the stability curve of a prime mover designed for the minimum onset temperature gradient. The system was designed to work on a frequency range such that by increasing the ambient pressure we could make the thermal boundary layer thickness span the range from being larger than, to significantly smaller than the capillary tube diameters in the stack. The stack position was chosen by a preliminary numerical calculation to minimize the onset temperature difference necessary to produce enough net acoustic power in the stack to just overcome the acoustic power losses in the heat exchangers and resonator sections.
The amplitude of a pressure pulse in a circular tube normally decays in time (stable), but when a sufficiently large longitudinal temperature gradient is applied at the tube wall, the amplitude increases in time (unstable). Stability curves separate regions in operating parameter space, such as temperature gradient and ambient pressure, where on one side of the curve the system is stable, but is unstable on the other. Measurement 5'6 and theory 2 of stability curves for circular tubes with temperature gradients were important in the early development of thermoacoustics. The present work extends stability curve analysis to pore shapes of current interest. 3 It is shown that measured stability curves can be predicted accurately with current theory. The physics of the stability curve can be understood in terms of thermoacoustic power production in the stack and the dissipation of acoustic kinetic and potential energy per cycle both in the stack and elsewhere. Our results have application to the search for efficient prime movers and to the design of controlled acoustic resonators.
I. STABILITY CURVE MEASUREMENTS
Measurements of the onset temperature difference for self oscillation were performed on the thermoacoustic engine shown schematically in Fig. 1 
II. MODEL RESULTS FOR THE STABILI'FY CURVE
A general analysis scheme has been developed 4 which utilizes impedance and pressure translation equations. The impedance and pressure at one end of a section is used to determine these quantities at the other end. The resonance frequency, onset temperature, phase angle of pressure at the stack, and work load at the ends of the stack can be determined using the impedance and pressure translation equations.
The specific acoustic impedance at the top of the hot end of the resonator in Fig. 1 is much greater than the characteristic impedance of the gas. The impedance at the top is calculated using boundary layer theory u which accounts for heat transfer to and from the compressed and expanded gas at the resonator cap. The specific acoustic impedance at the top of the hot heat exchanger and top of the stack are computed using Eq. (36) Results of the complex eigenfrequency calculation are shown in Fig. 2(a) and (b) . The nonporous wall calculation (dashed line) predicts a higher operating frequency and hence more attenuation at the heat exchangers and resonator walls than does the porous wall calculation (solid line). Residual disagreement (less than 3%) between porous wall stack theory and experiment is probably due to the disregarded pressure drops and flow resistances between heat exchangers and the stack.
III. SHORT STACK APPROXIMATION FOR THE STABILITY CURVE
Work flow as computed from the short sta•k approximation 3'4 will be used to derive the optimal position of a stack in the standing wave and the corresponding minimal onset temperature difference of the stack. The gas properties are assumed to be constant and are evaluated at the temperature at the hot end of the stack. The stack position and onset temperature depend on the work load the stack must deliver and the ratio of stack pore characteristic dimension R to thermal boundary layer thickness. We derive, for a given work load, an explicit expression for choosing stack position and R that give an optimally low value for the onset temperature difference of the stack.
A nondimensional critical temperature gradient can be defined:
T.-Tc) r--= 2kod ,
where T•t (Tc) is the temperature above (below) the stack in Fig. l(a) 
Equations (7) and (8) 
IV. CONCLUSIONS
A thermoacoustic prime mover was designed, constructed, and tested to probe the relation between thermal boundary layer thickness and onset temperature in a thertooacoustic engine. The stack had walls that were porous as well. Theoretical analysis indicates accuracy better than 2% in predicting the onset temperature difference and frequency of operation for the prime mover. The short stack approximation was used to derive expressions for the normalized onset temperature gradient and optimal stack location, yielding agreement with experiment to better than 6%. The minimum normalized onset temperature gradient was computed for three concave pore geometries and the results suggest that parallel plates are a better choice than either square or circular pore geometries. The short stack results should be useful in searching for efficient heat driven refrigerators and prime movers.
